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'I Section I
SUMMARY

In this report, we summarize the results of four studies to investigate

fundamental fluid-dynamic phenomena of importance to the aerothermal performance
of hypersonic re-entry vehicles. These phenomena: (1) the effects of surface roughness

on the aerothermal characteristics of slender maneuverable re-entry vehicles, (2)

boundary layer transition and surface roughness effects on blunt bodies, (3) the interaction

between dust particles and the shock layer over blunt bodies, and (4) boundary layer

transition on slender bodies, h -e in general proved untractable to theoretical analysis.

The first study (Section 2) was a detailed experimental investigation of

the effects of the shape and spacing of roughness elements on the roughness-enhanced

heating and skin friction on a maneuverable re-entry vehicle (MRV) configuration. In

this work, measurements were made on slender cones and control flaps to define the

relationships between roughness-element shape and spacing and the incremental heating

and skin friction induced by the surface roughness. This study demonstrated that similar

measurements in subsonic flows cannot be directly extrapolated to predict trends in

high-speed compressible flows.

In the second study (Section 3), we examined in detail the transition

process in the stagnation region of a blunt body in hypersonic flow. Here, the main

focus was on determining what fluid-dynamic mechanics are responsible for enhanced

heating in the stagnation region of high Reynolds number blunt-body flows. In the

course of this work, we investigated whether upstream influence from transition, surface

roughness in the stagnation region, minute dust particles in the freestream, or blowing

* in the stagnation region is the principal cause of stagnation-point heating enhancement.

The third study (Section 4) investigated the basic mechanics which occur

when a number of minute dust particles interact with the shock layer ahead of a blunt

body. In this effort, we linked the considerable increases in stagnation heating with

the shear layers generated by particle-shock/bow-shock interactions and the tripping of
the boundary layer in the stagnation region as each dust particle enters it.
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Finally, we present (in Section 5) results of a study of hypersonic boundary

layer transition in which we obtained microsecond photographs and high-frequency thin-

film measurements on slender cones of the breakdown of flow in and preceding the

transition region. The results obtained provide insight into the mechanisms by which

the laminar/turbulent boundary becomes unstable in high-speed boundary layers.
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Section 2

STUDIES OF EFFECTS OF SURFACE ROUGHNESS ON

AEROTHERMAL PERFORMANCE OF SLENDER CONICAL
VEHICLES WITH FLAP CONTROLS

2.1 INTRODUCTION AND SUMMARY OF EARLIER RESULTS

The studies which were conducted earlier I to examine the effects of "sand-

* .& grain" surface roughness on the heat transfer to and skin friction of slender conical

vehicles with flap controls in high Mach number flows have demonstrated (as illustrated

*in Figures 1 and 2) that the heating rates of the heatshield just downstream of the

nosetip, and on the flap close to the trailing edge, can be typically two to three times

'. the heating rates of the smooth configuration. In addition, the increased momentum

thickness induced by surface roughness can reduce the control forces by factors of up

to 2. From the more fundamental viewpoint, we have observed compressibility and

turbulent relaxation effects in our studies at high Mach numbers which are not described

in existing theoretical analyses. We have also found that there is a significant variation

of heat transfer with the shape and spacing of the roughness elements, and, for typical

carbon/phenolic heatshields-where the ablated roughness is well-spaced 2 < D/K < 5, the

heating levels can be 50% lower than the values calculated for sand-grain rough surfaces.

Our studies suggest that the basic mechanisms of heat and mass transfer in high Mach
number flows over highly cooled walls may differ significantly from those in subsonic,

or low Mach number, flows. The studies of the effects of surface roughness on the
flow characteristics and the distribution of heating in regions of shock-wave/boundary

layer interaction have demonstrated that both the incipient separation and the structure

of these regions are strongly influenced by surface roughness. Because the mechanism

of turbulent boundary layer separation is so strongly influenced by the structure of the

boundary layer at its base, and It is in this region that surface roughness has the
largest influence on the structure and momentum defect, it is not difficult to understand

the first-order effects that roughness has on boundary layer separation. A graphic

illustration of the effect of surface roughness on the structure on an interaction region

is shown In Figure 3. Here, it can be seen that the flow over the smooth compression

surface remains attached; while flow separation, indicated by the presence of separation

and reattachment shocks, is clearly observed over the rough compression surface.

Separation has extended approximately two boundary layer thicknesses ahead of the

3
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flap on the rough configuration, and the compression shocks have been moved well

downstream on the flap. The change in the shock structure over the flap resulting

from surface roughness is a clear indication that the pressures at the base of the flap,

and the forces generated by the flap, are both reduced. 3ust as in the flows over

indented noseshapes, the most significant effects of surface roughness occur in the

reattachment compression region, where the thinning of the boundary layer and the

increase in the local static pressuretogether, cause peak values in K/e and local density

which result in roughness-augmented heating factors of 3, in a region which already

is subjected to peak heating on the smooth configuration.

'~

This section contains the results from the experimental studies we have

*conducted to examine surface roughness effects on slender conical frusta and flap

control systems at local Mach numbers of up to 11. First, we describe the models

and instrumentation used in these studies. Then, we describe the studies conducted

with models coated with sand-grain rough surfaces. Next, we describe our extensive

series of studies, conducted with surfaces of well-defined roughness characteristics

(hemispherical. and conical roughness elements). Here, the major emphasis was placed

on examining the effects of roughness shape and spacing on the heat transfer to, and

skin friction of, rough surfaces. The models and instrumentation used in this study

have been described earlier in this section. We first review the measurements made

on rough and smooth Islender cones at various angles of attack and then discuss the

results from the study of the effects of roughness on the aerothermal characteristics

of flap control surfaces.

2.2 MODELS AND INSTRUMENTATION

2.2.1 The Models

'The measurements of roughness effects on the aerothermal characteristics

of slender conical frusta and control surfaces were conducted with the conical and

biconic frusta models shown in Figures 4 and 5, each of which formed an integral part

of an MRV configuration. The studies were conducted for various bluntness ratios and
with roughness heights of 10, 12.5, and 15 mils for sand-grain and patterned rough

surfaces. Studies were also made to examine the effects of discontinuous changes in

surface roughness on the downstream distribution, heat transfer, and skin friction.

4, Measurements of skin friction, heat transfer and pressure were made on both the

~0 7
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windward and leeward sides of the model to examine compressibility and turbulent non-

equilibrium effects in high Mach number, high Reynolds number flows.

2.2 Preparation of Model Sand-Grain and Patterned Rough Surfaces

We used models coated with sand-grain roughness as well geometrically

well-defined (patterned)roughness in these studies. In the work with sand-grain rough

surfaces, we used two different techniques to bond the sand (carbide grit) to the model

surface. Our major object was to determine, for a common grain-size roughness, how

the effects of different roughness spacings and orientations resulting from two different

bonding techniques influenced roughness-induced augmentation in skin friction and heat

V. transfer. In the first set of studies, we bonded the carbide grit to the surface with an
air-drying plastic-film adhesive. Using this technique, considerable care and time was

expended in preparing a tight matrix and avoiding particle agglomeration. In the second

set of studies, we used a pressure-sensitive adhesive; with this technique, we were able

Sto apply and reapply the grit without agglomeration occurring until an extremely high-

density packing was obtained. The pressure-sensitive adhesive also has the property

that, when activated (by removing its backing), it generates a strong electrostatic

charge which exerts a powerful attractive force on the grit particles, causing them to

align themselves with their principal axis perpendicular to the surface. A surface

produced in this way has an intrinsically greater roughness height than one constructed

using the same size grit and an air-drying adhesive, as can be seen. by comparing the

profilometer traces shown in Figures 6 and 7. While both surfaces have a maximum

peak-to-valley roughness of approximately 4 mils, the sand-grain surface constructed

on pressure-sensitive adhesive clearly has the greater percentage of large roughness

particles, as can be seen from the k30 values shown in Figure 8. We selected the

30th-percentile height (k30 )-the height at which 70% of the surface lies beneath that

elevation-as a representative dimension for characterizing sand-grain surfaces, because

it embodies information on both roughness height and roughness spacing within a single

dimension.

In our patterned-roughness studies, we employed rough surfaces constructed
from hemispherical and conical roughness elements, set in a hexagonal matrix for three

different spacing ratios. The hemispherical and conical roughness elements, which had

a common height of 12.5 mils and equal base areas, were placed in the hexagonal

pattern so that they covered either 12%, 34%, or 64% of the total surface area (Figure

10
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9). The six different patterns of surface roughness were fabricated in silicone rubber
"skins," which were then bonded to the surface with a specially prepared and applied

silicone adhesive. Selection and correct application of an adhesive which would retain

. .. the skin when subjected to the large shear and heating levels developed in the shock

tunnel, and yet would allow relatively simple removal when a change in surface roughness

was required, represented a significant effort. The six computer-milled molds, and an

example of one of the silicone skins molded in them, are shown in Figure 10. Each

skin, which had the 12.5-mil roughness elements molded on a 3-mil-thick base, had to

be vacuum molded to accurately preserve the detailed roughness shapes. An example

of the application of the skins to the model, a painstaking process, is shown in Figure 1I.

2.2.3 Heat Transfer Instrumentation

We employed both thin-film ("S") and silver-calorimeter heat transfer gages

to measure rough-wall and smooth-wall heating rates in our studies. Photographs of

'" these two types of gages are shown in Figure 12 for a sand-grain surface. For sand-

grain surfaces, both types of gages were constructed by first copying the required

surface in a ceramic mold and then forming the glass substrate for the thin-film or

silver-calorimeter gage element in the mold, as shown in Figures 13 and 14, respectively.

As earlier noted, studies with patterned roughness employed silver-calorimeter elements

constructed with hemispherical and conical roughness elements, set in a hexagonal

matrix. The silver-calorimeter elements for the patterned surfaces were "minted" in

the hexagonal dies shown in Figure 15. This figure also shows the six surface geometries

used on the calorimeter elements. After each calorimeter element was minted, its

front and side faces were cleaned and the back face highly polished before a thin,

electrically insulating but thermally conducting, film was vacuum-deposited on the back

of the calorimeter element. A nickel resistance thermometer was then deposited and
bonded to the insulating layer to measure the temperature of the calorimeter element.

A sectional diagram of the gage is shown in Figure 16. The silver-calorimeter element

was bonded to a ceramic holder using an extremely low-conductivity polyurethane resin.

By employing an isolated calorimeter element whose thermal properties and mass can

be accurately specified, together with a temperature-sensing element that is accurately

calibrated, substrate heating can be determined directly from the gage output. This

removes the inaccuracies associated with calibration using a radiant source, a method
which must be used to calibrate the rough thin-film gages. The silver-calorimeter gage

has a response time of less than 800 microseconds and has been used to resolve heating

15
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rates down to 5 Btu/ft 2 /sec with an accuracy of close to 5%. The output/time trace

of Figure 17 shows the excellent response and linearity of this gage. The heat transfer

measurements made with both the thin-film and the calorimeter instrumentation were

found to be in excellent agreement for both smooth and rough configurations, as shown

in Figure 18.

2.2.4 Skin-Friction and Pressure Instrumentation

In the studies with both sand-grain and patterned roughness, we employed

skin-friction gages of the type shown in Figure 19. This gage is a single-component

strain-gage force balance, which is compensated for acceleration and normal pressure,

and has a diaphragm which is contoured to the local surface in which the gage is

installed. The diaphragm is mounted flush with the metallic surface and the surface

coating applied to the top of the diaphragm in a manner similar to that described for

the preparation of rough surfaces. Typical calibration and run traces from the skin-

friction gages are given in Figure 20.

Pressure distributions were obtained over the rough models with both

ported and flush-mounted pressure instrumentation. For the roughness scales at which

the studies were conducted, we found no differences between the measurements on

rough and smooth surfaces with either type of gage.

2.3 STUDIES OF SURFACE ROUGHNESS EFFECTS ON SLENDER CONES

2.3.1 Studies With Sand-Grain Roughness

I
In these studies, measurements were made of heat transfer, skin friction,

and pressure distribution to the windward and leeward rays of the 60 conical and the

10.40 biconic configurations for a range of angles of attack between 0 and 160. The

measurements with the models coated with sand-grain roughness were made for roughness

* heights of 4, 10, and 15 mils. Typical examples of heat transfer and skin-friction

measurements on smooth and sand-grain rough sharp 60 cones for model incidences of

80 and 160 are shown in Figures 21 through 23. While we observe little or no roughness-

induced heating enhancement on the cone surface close to the base for de = 00, the

heating rates just downstream of the nosetip are close to twice the smooth-wall values.

The heat transfer distributions along the rough cone at low angles of attack (high local

23
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Mach numbers) exhibit much larger streamwise gradients than the turbulent smooth-

wall values or those predicted by the most recent analyses of Finson2 . At angles of

attack of more than 8o, where the local windward-plane Mach numbers drop to less

than 4, the distributions of heat transfer to the rough models do not exhibit the large

streamwise gradients found at the smaller angle of attack. The corresponding set of

skin-friction measurements made on the rough and smooth models, shown in Figures 24

through 26, exhibits the same trends as heating data; however, the roughness-induced

skin-friction augmentation factors are significantly larger than the corresponding heating

ratios. Here, roughness-induced skin-friction augmentation factors of up to 1.7 are

" "observed on the windward ray close to the base of the cone. A similar set of heat

transfer and skin-friction measurements on the cone coated with 15-mil sand-grain

roughness are shown in Figures 27 and 28 for oc = 80. The absolute values of the

heating ratios are larger on the IS-mil rough configuration, and the streamwise

distributions of heat transfer and skin friction exhibit less streamwise gradients.

*". '- The measurements of heating and skin-friction augmentation factors, the

Reynolds analogy factors, and the incremented heat transfer and skin-friction factors

made in these studies with sand-grain surfaces are shown in Figures 29 through 31.

i

The large streamwise variations in augmentation heating factor, measured

along the slender cones makes ReK a poor correlating parameter, as shown in Figure

29. However, the roughness-augmentation factors close to the base of the cone are

in relatively good agreement with those made on the biconic nosetips. The measurements

of incremental heat transfer and skin friction plotted in Figure 31 are in relatively

good agreement with Finson's 2 and Dahm's 3 correlations for measurements made close

to the base of the cone; however, the incremental heating just behind the nosetip is

well above the predictions. These results suggest that there are compressibility or

turbulent relaxation effects in these flows which are not modeled correctly in the

theories. Plotting Reynolds analogy factor in terms of Ks/6 * for both the wide-angle

and slender cone measurements as shown in Figure 30, we observe that both sets of

measurements are in relatively good agreement.

To examine the importance of turbulent relaxation effects, we performed

measurements with roughness removed from the first 9 inches along the surface of the

sharp cone at zero angle of attack. The heat transfer and skin-friction measurements

'downstream of the beginning of the rough surface are shown in Figures 32 and 33.
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The heat transfer measurements exhibit a significant overshoot above the turbulent

heating to a uniformly rough surface, while the comparable skin-friction measurements

exhibit an overshoot/ undershoot behavior. Clearly, turbulent non-equilibrium effects

are important in hypersonic flows over a rough wall; further, more definitive flow-field

measurements are required to define the key mechanisms of importance in these flows.

The measurements made in these studies with sand-grain roughness using models prepared

in different ways indicate that the shape, orientation, and spacing of the roughness

elements can significantly influence roughness-enhanced heating. These observations

were instrumental in the formulation of the studies with hemispherical and conical

roughness elements described in the following subsection.

2.3.2 Studies With Patterned Roughness

The measurements to examine the effects of roughness shape and spacing

on heat transfer to and skin friction of slender vehicles in hypersonic flow constitute
the second part of a comprehensive series with surfaces of well-defined geometric

, characteristics. These studies were conducted in the 96-Inch Shock Tunnel with the

basic 60 cone model used earlier in the sand-grain roughness studies. The model, which

is shown mounted in the 96-Inch Shock Tunnel in Figure 34, was coated and instrumented

successively with six different patterned surfaces and the corresponding heat transfer,

skin-friction, and pressure instrumentation. The rough surface was designed so that

measurements could be obtained from the closest to the most widely spaced roughness

packing of practical interest (2.5 < Ap/As- I < 25), spanning the "peak" in effective

sand-grain roughness as depicted in the correlation shown in Figure 35. The roughness
height, the position of the instrumentation, the angle of attack of the model, and the
freestream conditions were selected so that the measurements covered the fully rough

to the smooth regimes. Typical examples of the heat transfer distributions along the

windward ray of the sharp cone for the different surface textures are shown in Figure

,* 36. Here, the local Mach number is 4, and K/S * is large enough for the flow to be

considered fully rough. A maximum heating-enhancement factor of 1.5 was recorded

*for the most closely packed conical roughness elements, with this factor decreasing

with increased element frontal area per unit surface. Plotting these heat transfer

measurements and those made for a range of angles of attack in terms of the non-

dimensional spacing parameter D*/K, as shown in Figure 37, results in a relatively poor

correlation, reflecting the importance of roughness shape and spacing. As discussed

earlier, we can introduce a correction for the shape of the roughness elements by

42
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multiplying D*/K by a factor proportional to the element drag coefficient,

CD(CD/CDREF)4/ 3  or, following Dirling4 , an equivalent factor (Aws/Ap)4 / 3 .

Alternatively, following Simpson 5 , the heat transfer measurements can be correlated

in terms of a single parameter Ap/As, the frontal area of the roughness per unit plan

form surface area. Correlations of the heating-enhancement factors with the shape
-..

and spacing parameter (Ap/As) -  and (D*/K)(Aws/Ap) 4 /3 are presented in Figures 38

and 39. The measurements at each angle of attack show a consistent trend, which)

unlike the nosetip measurements-exhibits a local maximum for a certain combination

of spacing and shape. It is interesting to note that, at high local Mach numbers, the

measurements made on the less densely packed surface toward the base of the cone

exhibited heating levels below those measured on smooth configurations. This confirms

our earlier findings with the sand-grain rough model for small K/S* and large Me -

However, again it should be noted that, for these cases, large heating-enhancement

factors were also recorded close to the tip of the cone. In general, the heat transfer

measurements are equally well-correlated when plotted in terms of either (Ap/As) or

(DIK)(AwslAp)4 / 3.

Finson's engineering model (based on concepts proposed by Lupmann and

Goddard, together with his detailed numerical calculations), provides a good basis for

interpreting the physical phenomena of key importance in rough wall heating, as well as

a relatively simple prediction technique. The shear on a rough wall can be expressed

as the sum of the viscous and form drag of the rough surface:
.7,-,z

+f,5 J PeUezC.B
where B(C) is the blockage factor, andd(V) and D are the diameter of the roughness

element and the spacing between elements, respectively. From his detailed numerical
solutions, Finson showed that P and L4 were relatively constant between the base and

top of the roughness element at values pRclose to the top of the roughness. Equation

(7) becomes

,..--,Zq A.,

where Ap/AS is the ratio of projected area of the roughness element in the direction of*% %..-..

the flow to total area of the flow on which they stand, and 8 is the average value

of B W).
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For compressible flows Finson found that

R F/ Ye = 0.247 +.2-34 log ( e A)
where

e~~~~~ 1 eU.eV

Therefore, assuming c F is the smooth wall heating level, it is possible to relate the
,9 rough wall skin friction to the smooth wall value in the generalized form

4C4 OUGi4 C K
8MOOTH D.D

The relationship for heat transfer is assumed of the same form

,( w ,.

If we assume that the product of the blockage factor and C D are

invarient with rough shape -and space, then for constant local free stream condition,

we get the Dvorak-Simpson Parameter:

A 5 )
A slightly different form can be obtained by the subsonic blunt body approximation

C D =c. EFA.,/A.S)

* and using D/K rather than ,5 /Ap to obtain the correlation in terms of the Dirling

parameter,

CH D u( A - A /W

-SMOOT14 A

where Figure 40 defines the nomenclature used in this analysis.

A more universal format in which local freestream effects are removed to

a first order, is a correlation in which heat transfer to the patterned surface is non-

dimensionalized by transfer rate to a sand-grain surface with the same roughness height.

Figures 41 and 42 show the measurements plotted in this format. The most important

features demonstrated by these measurements and the earlier measurements on the

biconic nosetips is that, in contrast to the results from the subsonic studies, the

maximum heating levels on the patterned surface were no more than 10% larger than

the sand-grain values. This figure is at least 50% lower than would be predicted from

methods based on the subsonic measurements, where equivalent roughness heights of up

50
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:ht.JS .1to six times the sand-grain height were recorded. We do, however, observe a similar
rapid decrease in relative heating levels with increased roughness spacing and decreased

drag coefficient, as found in the earlier studies in low-speed flows over adiabatic walls.

Again, our measurements correlate equally well with either of the roughness density

parameters. Using correlations such as those given in Figures 41 and 42, together withA .. t-.

the correlations for the roughness-augmented heating to sand-grain rough surfaces, for

example those presented in Figures 42 through 44, a rapid estimate of the heating to a

non-ablating surface of arbitrary roughness can be made. In general, for high-speed

flows, the heating rates computed by this technique will be significantly less than those

computed on the basis of, for example, the PANT data base and the Dirling correlation4

of the low-speed measurements.

2.4 STUDIES OF SURFACE ROUGHNESS EFFECTS ON VISCOUS/INVISCID

INTERACTION OVER FLAP CONTROLS

2.4.1 Studies With Sand-Grain Roughness

Surface roughness effects have their greatest impact on the aerothermal

performance of high-speed vehicles with embedded regions of shock-wave/boundary layer
interaction, with or without flow separation. Surface roughness thickens the boundary

-layer and decreases the momentum close to the wall, each of which serves to cause

5-, _, lengthening of the interaction region and make the boundary layer more susceptible to

flow separation. However, of greater importance is the rapid thinning of the boundary

layer which occurs in the recompression region of such interactions, causing a rapid

local increase in K/e (and, hence, the heating rate). Generally, for interacting flows

over rough surfaces, it is not possible to use the current codes to calculate with

.'---,_ accuracy either the scale of the interaction or the magnitude or position of peak heating.

tAs in the earlier studies with slender and wide-angle cones, the research

- to investigate the effects of surface roughness on the aerothermal performance of re-

entry vehicle control systems was conducted in two phases. In the first phase,

measurements were obtained on the flap control system on slender, sharp and blunted

conical and biconic models, coated with sand-grain rough surfaces for ranges of roughness

*.-;.. heights, local Mach numbers, and roughness Reynolds numbers. The second phase of
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the study was conducted-with a single model configuration (the sharp 60 cone) for a

series of surfaces of different roughness shapes and patterns. In each of these studies,

we examined the effect of surface roughness on both the flap forces and the distribution

of heat transfer and pressure over the flap. Two of the important effects of surface

roughness on flap performance are illustrated in Figures 2 and 45, in which schlieren

photographs and distributions of pressure and heat transfer are shown for a flap control

system placed at the base of a conical forebody. Figure 2 shows that the boundary

layer ahead of the flap is significantly thicker over the rough conical frustum, causing

a larger viscous interaction region at the flap/f orebody junction, a corresponding decrease

-. " in local pressure at the base of the flap, and resultant loss in flap force. This loss in

flap force is associated principally with the roughness of the forebody. The increase

in boundary layer thickness, coupled with a decrease in the local pressure, is principally

responsible for a decrease in heat transfer to the base of the rough flap relative to

the smooth-wall value. However, as the boundary layer thins rapidly through the

compression process along the flap, K/e and the local pressure become large enough to

generate heating enhancement factors up to 3, as illustrated in Figure 2. Referring
to Figure 3, it is clear that surface roughness can induce a significant degree of

.-

separation for model and freestream conditions under which the flow is unseparated

over the smooth body.

Typical losses in flap effectiveness which can result from surface roughness

effects are shown in Figure 46. Here, we observe flap force reductions of over 100%

at flap angles of 250. Holden 6 showed that the pressure distribution on the flap in

the interaction region can be predicted with good accuracy using a simplified method

of rotational characteristics, coupled with the Coles 7-Van Driest 8 profiles and

measurements of the boundary layer thickness just upstream of the interaction over

the flaps. The good agreement between the theoretical and experimental pressure

distributions along the flap for both rough and smooth configurations and the measured

and predicted flap forces support a model which predicts that the surface roughness of
the flap has a second-order effect on flap force. However, flap roughness exerts a

first-order effect on flap heating and skin friction.

The studies of surface roughness effects on the aerothermal performance

of flaps with sand-grain rough surfaces were conducted with roughness heights of 0,

10, and 15 mils for ranges of angles of attack, flap angles, and nosetip bluntness. Our

measurements of heat transfer and pressure along the windward ray of the conical

, 59
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frustrum and on the flap placed in the windward plane demonstrated that, for model

incidences of greater than 40, nosetip bluntness effects (for rn/RD > 0.14) are rapidly

swept to the leeside of the body, leaving the properties along the windward ray and

the flow over the flap virtually uninfluenced by the nosetip bluntness. It should also

be noted that we found relatively uniform spanwise distributions of heat transfer and

pressure over the flap for all the configurations studied. This gives us some justification

for using a computational method based on two-dimensional flow to predict the centerline

flow properties on the flap. The variation of the heating rate along the flap centerline

-' with flap angle is presented in Figures 47 through 49 for surface roughness of 0, 10, and

15 mils, respectively. Here, we see that, for a given flap angle, the length of the

interaction region on the flap (the region where heat transfer is increasing along the

flap) increases with increasing surface roughness and decreasing flap angle. The peak

heating occurs close to the end of the interaction region, where the pressure and K/ 0

2- ! reach a local maximum. As can be seen from the photographs of Figure 3, the flow

over the 15-mil flap set at 300 is separated; while the flap heating is a maximum at

the end of the interaction on the roughest flap, the heating rate is less than on the

. .7smooth body at the base of this flap. It has been shown earlier by Holden that the

maximum heat transfer to a smooth flap can be estimated from the power-law

relationship qmax = qo (Pmax/Po)0 .8 5. Combining this empirical relationship with a

correlation for the roughness-enhanced heating factor would enable the heating rate of
a rough flap (in the absence of ablation) to be calculated. In Figure 50, we show our

' measurements of roughness-augmented heating on flaps, correlated in terms of the

roughness Reynolds number Re . ReK was calculated using simple inviscid flow and

the smooth-wall heating measurements. Also shown in Figure 50 are our measurements

on the biconic configurations and the Powars 9 correlation of the PANT data. TheU. -,-I
augmentation heating factors measured on the flap varied strongly with ReK, reflecting
the dual effects of boundary layer thinning and density increase through the rapid

recompression on the flap. This correlation could not be expected to embrace the
complex phenomena, and these multi-scaled flow fields should be characterized with

more than one scale length, e.g., K/ 0 and ReK. However, accurately calculating 0

through the interaction region is not simple in these flows; further work is clearly

required to characterize the scale lengths of importance.
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4

2.4.2 Studies With Patterned Roughness

The studies of the effects of patterned roughness shape and spacing on

the aerothermal performance of control systems completed the third and final phase

of the effects of roughness shape and spacing on the aerothermodynamics of rough re-

entry vehicles.

Measurements of the distributions of heat transfer, skin friction, and

pressure were made on the flap instrumented and covered with five different patterned

rough surfaces. The sharp 60 conical forebody was used in these studies, and

measurements were made at model incidences of 00, 40, 80, 120, and 160 for flap

angles of 150, 200, and 250. A plot showing a typical variation of the heat transfer
distribution along the flap centerline with model incidence is provided in Figure 51.

Here, the increase in model incidence results in an increase in the absolute pressure

along the windward ray of the cone and flap and in a decrease in the thickness of the

-.A cone boundary layer ahead of the flap. In turn, the thinning of the boundary layer on

the cone with increasing angle of attack is reflected in shorter lengths of interaction,

larger heating enhancements, and more extensive regions of high heating rates close

to the trailing edge of the flap. An example of the variation of flap heating with the

A. shape and spacing of the roughness elements is shown in Figure 52. Here, we observe

that the size of the interaction region and the maximum flap heating rates, which

occur at the end of the interaction region, increase monotonically with increasing

roughness density and roughness drag coefficient. The variation of roughness heating

with flap angle is shown in Figure 53 for two different roughness shapes with the same

spacing. It can be seen that there is a significant increase in rough flap heating with

roughness shape for a common roughness spacing. For this tight spacing ratio, for

which the X is similar to that measured for sand-grain roughness, the correlations

from measurements shown in Figures 52 and 53 demonstrate that the augmentation

heating ratio is most strongly influenced by flap angle. Our measurements indicate

that roughness-induced heating-augmentation factors of up to three can be obtained on

flaps in the absence of mass addition.

As we found for nosetip and frustum measurements, plotting the flap heat

transfer measurements in terms of either (Ap/As)- I or (D*/K)(Aws/Ap)4/ 3 in a semi-

log format (see Figures 54 through 57) gives a good correlation of the measurements, for
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a fixed model configuration. The monotonic increase in the heating augmentation with

roughness shape/spacing factor is similar to that displayed in the biconic studies.

To remove the effects of local conditions on the heating-enhancement

factors, we have non-dimensionalized the measurements on the patterned rough surfaces

by the heating rate of an equivalent 12.5-mil sand-grain surface deduced by interpolating

our flap measurements with 10- and 15-mil sand-grain roughness. The correlations

shown in Figures 58 and 59 demonstrate that measurements made at different model

incidences and flap angles collapse into a single curve which exhibits a strong variation

of C,4,/G",,, with (Ap/As)- 1 or D/K (Aws/Ap)4 / 3 . A key feature of these correlations

is that they show, in strong contrast to results of low-speed studies, that the maximum

heating rates generated on the patterned surfaces are no more than 10% greater than

the sand-grain values. In addition, because of the surface roughness characteristics of

heat shields, the low-speed studies predict that the heat transfer decreases with an

increase in the bluntness of the roughness elements. This is clearly not the case.

S. *The basic construction and ablation of flaps, frusta, and nosetips of

conventional re-entry vehicles is such that the shape/spacing parameter is typically

close to 10. Our measurements indicate that the heat transfer to such surfaces should

be 70% of the heat transfer to a sand-grain rough surface, while the

2 Dirling4/Simpson 5 /Finson 2 correlations would predict heating levels approximately 1.5

times the sand-grain values. In general, our studies on nosetips, frusta, and flaps

suggest that the current prediction methods, which utilize a heating augmentation

correlation (e.g., Powars 9) in combination with an effective sand-grain roughness

correlation (e.g., Dirling4 ), or semi-empirical methods combining the two effects,

significantly overpredict the heat transfer to rough surfaces. However, the large

roughness-induced heating-augmentation factors (up to 3) and the significant losses in
flap force which were measured in these studies makes roughness effects of critical

N. importance in the aerothermal design of control systems. How such effects are modified
by ablation is the next key question.

As discussed in Section 3, our studies of combined surface roughness and
blowing effects suggest that the initial effect of surface blowing, by eliminating the

cavity flows between roughness elements, is to produce heat levels close to the smooth-

wall turbulent values. We anticipate that ablation or mass addition from the frustum

and flap could have significant effects on the aerothermal performance of the flap.
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First, mass addition would increase the boundary layer thickness and reduce the

momentum at the base of the boundary layer on the conical frusta ahead of the flap,.

both effects making the boundary layer more easily separated and the interaction region

of greater length. While mass addition/ablation on the flap should reduce the heating,

we again would anticipate that separation and more extensive interaction regions would

result. However, the effects of mass addition on smooth or rough surfaces in high

Mach number, high Reynolds number turbulent flows in constant-pressure or interacting

flows remain to be examined.
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Section 3

STUDIES OF POTENTIAL FLUID-MECHANICAL MECHANISMS

FOR ENHANCED STAGNATION-REGION HEATING

3.1 INTRODUCTION

Analysis based on conventional boundary layer theory decrees that, because

the Reynolds number close to the stagnation point is small, the boundary layer there

must remain laminar. However, flight measurements of stagnation-point recession on

the nosetips of ballistic re-entry vehicles, and stagnation-point heat transfer

measurements in ground test facilities, have indicated that, at high Reynolds numbers,
A where boundary layer transition occurs in or just downstream of the stagnation region,

stagnation-point heating rates are significantly larger than those predicted on the basis

of laminar theory. To match the flight measurements, the codes used to predict the
performance of ablative nosetips must employ semi-empirical relationships to enhance
the laminar stagnation-point heating rate, when the transition point has moved to within

a certain fraction of the nosetip radius from the stagnation point. Since the flow is

subsonic in the stagnation region, it is clear that pressure disturbances could be fed

upstream. However, it remains to be determined whether such relatively small

disturbances can induce the relatively large heating augmentations observed. While

measurements of enhanced stagnation-point heating made in wind tunnels might be

influenced by tunnel noise, no such explanation can be offered for those made in ballistic

range studies. One method to overcome questions associated with the effects of wind
tunnel noise in studies of stagnation-point heating enhancement is to control the position

of transition mechanically by employing trips on the models, rather than changing the

streamwise position of transition by varying the unit Reynolds number of the free

stream. If transition effects in the stagnation region are important, measurements of

heat transfer at the stagnation point and in the stagnation region should demonstrate

this at a single test condition, when transition is moved toward the stagnation point with

a series of annular trip rings. The stagnation-region heating measurements should then

be correlated in terms of the distance to the beginning of transition, non-dimensionalized

by the local momentum, energy, or displacement thickness of the boundary layer or

the model radius. In this section, we describe the results of experimental studies

performed to examine potential mechanisms of enhanced stagnation-region heating. The

models and instrumentation used in the three experimental studies performed in this
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program are described next. Then, we discuss measurements made on a smooth

hemispherical model with trips. These measurements are compared with similar

measurements on rough non-blowing and blowing models. Our conclusions on the

mechanisms for enhanced stagnation-region heating are then presented.

3.2 MODELS AND INSTRUMENTATION

The smooth and rough hemispherical nosetips shown in Figures 60 and 61,

and the transpiration-cooled hemispherical. nosetip shown in Figures 62a and b, were

used in studies performed in Calspan's 96-Inch Shock Tunnel to examine the distribution

of heat transfer in transitional and fully turbulent flows over smooth, rough, and

transpiration-cooled surfaces. The smooth hemispherical model is shown in the 96-Inch

Shock Tunnel in Figure 63. Each model was highly instrumented with high-frequency

thin-film heat transfer gages in the stagnation region, and with pairs of high-frequency

pressure and heat transfer gages placed adjacent to one another along a streamwise

ray. Both sets of gages have high enough frequency responses to follow both the mean
and fluctuating components of heat transfer and pressure, to resolve any time-dependent

- - flow mechanisms responsible for stagnation-region heating enhancement. Measurements

were also made to determine heat transfer rates with silver-calorimeter gages. Here,

we wished to examine how the relatively low-response calorimeter instrumentation

averaged the perturbations in heating caused by the transitioned nature of the boundary

layer. The rough spherical nosetip shown in Figure 61 was coated with 12.5-mil conical

roughness elements and instrumented with calorimeter heat transfer gages, the

construction of which is described in subsection 2.2.3. Our measurements of roughness
shape and spacing effects have indicated that 12.5-mil conical roughness is approximately
equivalent to the roughness of the transpiration-cooled model. This latter model was

highly instrumented with thin-film heat transfer gages.

In the present studies, a new throat valve was developed to replace the

mylar throat diaphragm in the 96-Inch Shock Tunnel. Under conventional operation,

the mylar diaphragm is fractured by the incident driver shock and convected past the

model at the beginning of a shock tunnel run. Since detailed heat transfer and pressure

fluctuation measurements in the stagnation region were required for the blunt-body

* i' studies, we had to eliminate extraneous fluctuations that might have resulted from

• . mylar particles. Earlier studies had suggested that disturbance to the stagnation region.

of large blunt bodies can persist well after the starting process.
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3.3 RESULTS AND DISCUSSION

Our initial studies were conducted with the smooth hemispherical nosetip

shown in Figure 60, first to obtain smooth-wall measurements with which to compare

* measurements made with the rough models and those made with combined roughness

and mass addition, and then to explore the upstream influence of transition on stagnation-

point heating. The heat transfer distribution on the totally smooth hemisphere, shown

in Figure 64, indicates that transition occurs in the subsonic region of the flow at an S/R

= 0.33, with peak heating occurring at S/R = 0.6-close to the base of the sonic line.

*Placing an annular trip at S/R = 0.17 causes the transition to move upstream to the

back of the trip, with the resulting heating distribution similar to the predictions made

earlier by Crowell1 0. We observe that, upstream of the trip, the heating in the

stagnation region is not influenced by the presence of transition. In fact, as discussed

in detail in Reference 11, the only disturbances which were observed to induce transition

in the stagnation region were those associated with minute dust particles in the airflow.

These disturbances, which caused transients leading to increased time-averaged heating

at the stagnation point, were observed to decay rapidly as the dust particles were

convected downstream t'.ough the strong favorable pressure gradient over the

hemisphere.

Our measurements made with the smooth hemispherical model were

conducted in an ultraclean airflow, made possible because of special preparation, coupled

with the inherent cleanliness of shock tunnel operation, where a relatively pure test gas

is heated and compressed by a shock wave. In contrast, heating the air by passing it

through a pebble-bed or graphite heater or an arc discharge, as is done in blowdown-

type facilities, results in an intrinsically dusty flow. For blowdown-type facilities, our

studies suggest that measurements of the time-averaged stagnation heating rates for

high Mach number, high Reynolds number conditions, where large Reds are generated

in the stagnation region, may exhibit values larger than those predicted by laminar

theory, as a result of dust/boundary layer interaction. Again, dust-induced heating

enhancement will occur only at large values of Ree( > 100), where the laminar

boundary is unstable.

It is also possible that "clean-air" flight measurements which indicate

stagnation-point heating rates larger than laminar values may also result from transition

In the stagnation region tripped by minute dust or salt particles, convected into the
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upper atmosphere. These particles could be too small, or exist in too low a concentration,

for the environment to be classed as "dusty" and yet be responsible for turbulent heating

in the stagnation region.

The remaining candidates for phenomena which cause enhanced stagnation-

point heating are (1) surface roughness at the stagnation point and (2) transition induced

by blowing in the stagnation region. We made preliminary studies of both of these

phenomena, both separately and in combination, in studies with the rough hemispherical

nosetip shown in Figure 61 and the rough transpiration-cooled nosetip shown in Figures

62a and b. The studies with the rough hemispherical nosetip were conducted in

conjunction with studies of roughness effects on biconic and indented ablated nose

shapes, while the measurements on the transpiration-cooled models were made in

conjunction with studies with medium and large surface blowing, reported in References

12 and 13. Our measurements of roughness shape and spacing effects indicate, as

noted earlier, that 12.5-mil conical roughness on the hemisphere is approximately

equivalent to the roughness of the transpiration-cooled model. We made measurements

of the heat transfer rate at the stagnation point and around the rough hemispherical

model at Mach 11.3 for Reynolds numbers of 4 x 106 and 10 x 106, which are compared

in Figures 65 and 66 with measurements on the smooth configuration. The heat transfer

distributions measured at both Reynolds numbers exhibit fully turbulent characteristics;

however, we observe that, at both conditions, laminar heating levels were recorded at

the stagnation point. Thus, despite values of K/e at the stagnation point of greater

than 10, and transition which has moved to within 10 boundary layer thicknesses of

the stagnation point, we did not observe any significant increase in stagnation-point

heating resulting from surface roughness.

It is of interest to compare the measurements of turbulent heating on the

smooth hemisphere with the current production methods used in the "shape-change"

codes. Figure 67 shows such a comparison with the codes developed by Croweil 0 and

Reeves11 , TRW's SCATHE code, and the ASCC 80 code developed at Aerotherm. It

is important to note that the ASCC 80 code was used by Aerotherm to compute

turbulent smooth-wall heating in the roughness-induced heating-augmentation factors

derived in the PANT studies.

Our measurements, which fail below ASCC 80 code predictions, give

roughness-enhancement heating factors of 1.8, a figure which is consistent with the
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" correlations obtained in other Calspan studies. We see that the predictions by Reeves1 4

are in good agreement with the measurements, while the SCATHE code significantly

overpredicts the maximum heating rates. The surprisingly large disparities between

the prediction methods for the smooth wall arises because of differences in the models

of turbulence used to describe boundary layer development in a strong pressure gradient,

' 'and from differences in the reference enthalpy conditions selected. Clearly, this is an

area which requires further investigation.

The measurements made in the studies of transpiration cooling conducted

at Calspan were designed principally to determine whether blockage effects of mass

injection are as large as predicted by the current codes. The measurements on the

model with zero blowing, presented in Figure 68, clearly show that the intrinsic roughness

of the surface causes heating enhancement factors of over 1.7. In fact, it can be seen

by comparing Figures 66 and 68 that the heat transfer measurements on the conically

rough hemisphere are in good agreement with those obtained on the non-blowing

transpiration-cooled nosetip, with the exception of the region close to the stagnation

point. In this region, the gages were mounted on the transpiration-cooled model such
that they would be biased toward the larger heating level over the roughness. However,

when a small amount of blowing (rTP UCm = 0.032) was introduced, the heating rates

over a major part of the transpiration-cooled model dropped to levels close to those

recorded on the smooth model, as shown in Figures 68 and 69. It could be postulated,

on the basis of these measurements, that the initial effect of mass addition from a

rough ablating nosetip is to modify the flow around the roughness elements, by eliminating

the cavity flows, in such a way that the momentum defect introduced by the roughness

is small.

If the effect of mass addition is to remove surface roughness as an

important characteristic parameter, this poses serious questions for the correlation of

flight measurements in terms of an effective surface roughness and the computational

procedures in which the ablation rate is determined from heating levels enhanced by

surface-roughness effects. Although experimental studies of the combined effects of

mass addition and surface roughness are not easily constructed, the total lack of cold-

wall measurements to validate the prediction methods in this area must be redressed.

. . . . ... .
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Section 4

STUDIES OF BASIC MECHANISMS OF ENHANCED HEATING

IN HYPERSONIC DUSTY FLOWS OVER BLUNT BODIES

4.1 INTRODUCTION

When a hypersonic vehicle encounters clouds of dust or ice particles, the

interaction between the flow around the particles as they enter the shock layer and

rebound, or cause secondary particles to be ejected from the vehicle surface, can give

rise to key aerothermal effects which are of primary importance to the vehicle designer.

Nose-tip erosion resulting from particle impact has been of primary concern to designers

of ballistic re-entry vehicles. However, in flows with medium to light dust loading,

the increased heating resulting from particle/shock-layer interaction can exceed the

dust-free levels by as much as a factor of 5. The experimental studies conducted at

Calspan of the increased heat resulting from particle/shock-layer interaction constituted

the first systematic study of the basic phenomenon. These studies followed dust-tunnel

studies which showed that the gross heating levels to a blunt nosetip in a dusty flow

cannot be explained in terms of impact energy alone. The difference between the

. measured heating rate and the heating rate estimated on the basis of impact energy

was termed the "particle-augmented convective heating rate." Systems studies of this

phenomenon by others linked the augmented convective heating rate to "particle loading"

through an assumption that the heating-enhancement mechanism is related to the

increased vorticity introduced into the shock layer from the wakes of the particles.

The relationships based on this assumption are still used today, despite its lack of

validity. More recently, flight measurements have indicated that the disturbances to

* the shock layer resulting from particle interaction can produce an asymmetric

aerodynamic load which causes a loss in accuracy of the trajectory of a ballistic re-

entry vehicle. As discussed briefly in subsection 3.3, heat transfer measurements on

blunt bodies in hypersonic facilities run at high Reynolds numbers may be influenced

by disturbances induced by minute particles which trip the boundary layer in the

stagnation region. This phenomenon, which we believe occurs only in hypersonic facilities

capable of generating Reeds large enough to make the laminar boundary layers unstable

in the stagnation region on a blunt body, cannot be easily detected without high-

*frequency heat transfer instrumentation. Stagnation heat transfer measurements made

with low-frequency Instrumentation in such flows will most certainly be in error.
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In this section of the report, we discuss the basic aerodynamic mechanisms

which, on the basis of experimental studies conducted at Calspan, are responsible for

enhanced heating in lightly loaded particle-laden flows over blunt bodies. We first

describe the experimental apparatus, and the environment in which the studies were

performed. We then discuss the various mechanisms which we believe result from

particle/shock-layer interaction and are responsible for enhanced heating in these flows.

4.2 MODEL AND INSTRUMENTATION

The experimental studies were conducted in the Calspan 48-Inch Shock

Tunnel at Mach numbers from 6.5 to 16 for Reynolds numbers ranging from I x 106 to 30

x 106 based on nose tip diameter. The model, which is shown in Figure 70, was

constructed from two basic segments: (i) a highly instrumented nose segment (Figure

71) and (ii) an afterbody containing three launchers (Figure 72), mounted one above the

other so that particles could be launched in a vertical plane. The launcher assembly

was mounted in a seismic mass, which, in turn, was supported within the basic model by

a soft rubber suspension system. In this way, the instrumented section was effectively

isolated from mechanical disturbances, generated when the launcher was activated. The

instrumented section of the model, a schematic diagram of which is shown in Figure

-.. 73, contained 80 heat transfer gages and 28 high-frequency pressure gages. Thin-film

resistance thermometers were used to obtain detailed temporal measurements of surface

heat transfer. These thermometers, which were fabricated by the deposition of a thin

platinum film on a pyrex substrate, provide an instantaneous indication of the surface

temperature. This quantity can be related by semi-infinite slab theory to the

instantaneous heat transfer rate. The gages were positioned so that a high density of
instrumentation was concentrated in one quadrant of the model, while the balance of

instrumentation was distributed symmetrically about the model axis. In this way, we
40 - obtained detailed measurements on two mutually perpendicular axes, while retaining

the ability to track asymmetric disturbances across the face of the model. The size

and density of the particle launched and the velocity of the launch were chosen with

the aid of a simple numerical code so that the particle penetrated specified distances

relative to the position of the shock at each freestream condition. Particles from 30

to 800 microns in largest dimensions were launched from the surface of the model

Al' simultaneously or in a phased array, with velocities from 50 ft/sec to 300 ft/sec. We

established that there was no measurable disturbance when the launchers were fired

without the particles. The frequency response of both the pressure and heat transfer
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Figure 70 PARTICLE-LAUNCH MODEL EQUIPPED WITH THREE PARTICLE LAUNCHERS,
105 HEAT TRANSFER GAGES, 27 PRESSURE GAGES, AND 4 SKIN-FRICTION

a'. GAGES
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Figure 71 INSTRUMENTED SEGMENT OF PARTICLE-LAUNCH MODEL
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instrumentation with which the model was instrumented exceeded 300 kHz, well above

that required to follow the disturbances resulting from particle-shock/bow-shock

interactions. High-speed photography at intervals of approximately 200 microseconds

was used to obtain the flow-field configuration.

" .3 DISCUSSIONS OF BASIC MECHANISMS OF PARTICLE-ENHANCED

HEATING

4 .3.1 Minute-Particle/Boundary Layer Interaction

In our studies with the hemispherical nosetips and the particle-launch

model at the lower Reynolds numbers (Rep < 106), we were unable to detect heating

disturbances with the thin-film gages which could be associated with the wake of the

large particles within the shock layer launched with the particle launcher, or disturbance

introduced by minute mylar or dust particles from the driver section of the tunnel.

P .~However, for conditions where Reynolds numbers of over 107 were generated,

examination of the high-frequency outputs from the thin-film gages on the hemispherical

model indicated disturbances, which we recognized as being associated with transition

from our previous studies, which were induced by minute dust particles.

The high-frequency response of the heat transfer gages and recording

equipment (thin-film gages and Biomation recorders) enabled us to follow the disturbances

as they were swept downstream over the closely spaced instrumentation. We observed

that, while there was an initial growth of the disturbance in the stagnation region,

downstream of the stagnation region the strong favorable pressure gradient caused the

disturbance to decay rapidly and finally disappear well before the sonic line. Thus,

time-averaging the measurements of the heat transfer gages in the stagnation region

or using slow-response heat transfer instrumentation would lead to heat transfer

distributions with larger than laminar values at the stagnation point, with the heating

* rates returning to laminar values away from the stagnation region as the instabilities

were dissipated. We believe that this mechanism is the one principally responsible for

the enhanced stagnation point in high Reynolds number hypersonic flow. Again, it must

be emphasized that this phenomenon will occur only when the boundary layer in the

stagnation region has a large enough Reefor it to be intrinsically unstable. We believe

that, in order to conduct a meaningful study of transitional flow over blunt nosetips

in high Reynolds number hypersonic flow, special precautions must be taken to ensure
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that the test gas is ultra-clean. Further high-frequency highly resolved heat transfer

measurements must be made to ensure that such effects are not present. Our experience

suggests that tunnel noise causes enhanced heating through the mechanism of tripping

the boundary layer, rather than increasing the vorticity in a laminar boundary layer.

4.3.2 Toroidal-Vortex/Boundary Layer Interaction

Measurements on blunt ellipsoids and on the laminar blunt configuration

employed in the particle-launch studies indicate that a definitive mechanism which

causes particle-enhanced heating is associated with the formation of toroidal vortices

by particle/body-shock interaction. Two examples of the incipient formation of these

vortices at the shock front are shown in Figure 74. When the particle arrives at the

shock front with momentum sufficient only to cause a small dimple, a disturbance is

generated which is propagated back through the shock layer as a toroidal vortex.

A sequence of photographs showing the small dimple which occurs as the

particle reaches the bow shock and the subsequent formation of a toroidal vortex is

i* provided in Figure 75. The abrupt change in shock curvature at the junction between

the particle and the body shock creates a shear layer which subsequently rolls up into

the vortex ring as the particle is driven back into the shock layer. The vortex ring is

then convected toward the model, expanding in diameter as it approaches the surface.

Correlating the heat transfer time histories with the movie sequence reveals that

increased heating rates are observed at the model surface over a period of just over

I millisecond, the time taken for the vortex to traverse the shear layer and expand

across the model. As the ring passes over the heat transfer gages, their outputs

increase from 1.5 to 3 times their undisturbed values. If the flow is initially laminar

over the nosetip, the vortex acts to trip the boundary layer. Then, the basic enhancement

mechanism is transitional to turbulent heating. For fully turbulent flows, the

enhancement (which is significantly less) is associated with the enhanced local freestream

vorticity.

4.3.3 Particle-Shock/Body-Shock Interaction

When particles are ejected from the shock layer such that they remain

within one body diameter of the surface, a stable particle-shock/body-shock interaction
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Ph4 occurs which induces enhanced heating by free shear layer/boundary layer interaction

(free shear layer impingement).

A sequence of photographs showing the development of a region of

shock/shock interaction leading to heating augmentation resulting from small-particlepenetration is shown in Figure 76. Here, the momentum on the particle was just

sufficient for the particle to reach 0.7 of the body diameter ahead of the model. As

the particle moved ahead of the bow shock, the shock wave associated with the particle

and the flow behind it interacted with the original bow shock, inducing a shear layer

at their point of intersection. This shear layer swept radially outwards across the face

of the model, increasing the local heat transfer at its base by as much as a factor of

ten. In this sequence, the shear layer reached the model periphery just as the particle

was being driven back to the model surface, and the shear layer then collapsed inward in

a quasi-steady fashion, disappearing as the particle re-entered the shock layer. The

period of increased heating was just over one millisecond, the time taken for the

particle to exit and re-enter the shock layer. Pressure levels just above the pitot level

were observed at the base of the shear layer, while those within the annulus corresponded

roughly with those achieved by compression through the conical shock associated with

the particle. The heating rates associated with such interactions have been explored

by Holden in spiked body flows,1 by Edney, 16 and by Keyes and Hains17 in regions

of shock interference. It seems clear that major augmentation occurs when the "Edney

Type IV" or "jet" interaction is established over the model. Until the shear layer is

swept to the edge of the model for the first time, the movement of the particle can

be predicted by simple drag models; however, when the flow begins to oscillate, the

alternate formation and collapse of the recirculation region ahead of the body imposes

a system of forces on the particle which makes its motion extremely complex.

4.3.4 Effects of Separated Pulsatinr Flow

When the particle is launched with sufficient momentum for it to reach

one body diameter ahead of the body, a dramatic change occurs in both the character

of the inviscid flow and the pressure and heat transfer on the model surface. Here,

the entire flow field begins pulsating, as demonstrated by the high-speed movie sequences

of Fgres 77 and 78. These sequenceswhich were taken at Mach 6.5 and 13, respectively,

at similar Reynolds number conditions, demonstrate considerable similarity in mechanics
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of oscillation. This oscillation is very similar to pulsating flows* observed over spiked

bodies5 or highly indented nose shapes1 8 , as demonstrated by the movie sequence of

flows shown in Figure 79. The occurrence of these massive pulsations appears

independent of particle size, and, once the particle has reached one body diameter

ahead of the surface, the axial motion of the particle is strongly influenced by the

flow oscillations. The non-dimensional frequency (fD/U) was found to lie between 0.17

and 0.19 and'appeared to be relatively independent of Mach number; particle velocity,

size, or penetration; and model size. A Strouhal number of between 0.17 and 0.20

typifies the frequencies encountered over spiked and highly indented bodies, reinforcing

the concept that the basic mechanism is associated with a simple inviscid filling and

spilling mechanism. The oscillation is initiated when the shear layer or jet formed by

particle/spike-shock/bow-shock interaction re-attaches to the body surface, trapping a

conical region of gas. The mass which is being continuously added to this region

through the conical shock drives the local stagnation point at the base of the shear

layer toward the periphery of the model. This region collapses as the entrapo&' gas

escapes when the shear layer moves off the body, and the sequence begins again with

bow shock re-establishing and the particle-shock/bow-shock interaction reforming the
* shear layer. Perhaps the most intriguing question is why two distinct shock structures,

one around the minute particle and a second around the model, are not formed at this

juncture. Both the pressure and heat transfer records exhibit large excursions from

ambient conditions. A typical record from a thin-film heat transfer gage on the face

of the model is shown in Figure 80. After the tunnel starting process, the gage is

exposed to a period of constant heating equal to that observed for the unperturbed

flow. The heating rate increases sharply as the particle interacts with the shock and

the shear layer sweeps across the face of the model. A decrease in heating occurs as

a bulbous shock layer is formed and the flow "collapses" toward the body. This pattern

is repeated in a flow oscillation of surprising regularity and persistence. While the

heating rates across the model vary with time, the magnitudes of the maximum values

do not appear sensitive to the exact particle trajectory, as can be seen from the

measurements made in two runs (shown in Figure 81) at identical freestream conditions

but with different particle trajectories. This figure illstrates that the edge of the

cylinder experiences the largest heat transfer rates, which can exceed the ambient

heating levels by as much as a factor of five. The minimum heating rates fall close to

*Termed the "E" oscillation in this study.
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the ambient heating level in the absence of a particle and correspond to the flow

*condition where the bow shock is collapsing back to the body. A typical variation of

the fluctuating surface pressure close to the center of the model for this condition is

shown in Figure 82. The maximum levels are roughly equal to the pitot pressure, while

minimum corresponds to the plateau pressure for conical separated flows over spiked

bodies, supporting the postulation that recirculation region is formed over the model

during part of each cycle. If the particle travels off-axis, permitting an asymmetric

interaction region and asymmetric spillage, an oscillatory interaction region can still

be observed, as shown in Figure 83. While the period of augmented heating is less for

these cases, augmentation factors of over 5 are observed. Again, the major mechanism

is interference heating resulting from shock/shock interaction.

4.3.5 Multiple-Particle-Shock/Shock-Layer Interaction

When three particles are launched simultaneously, a combination of

extremely complex interactions occurs, as illustrated in Figure 84. The ambient heating,

as well as the heating resulting from the particle-shock/bow-shock interaction, is shown

in Figure 85. Here, we observe an increase in heating across the entire face of the

model which exceeds the ambient heating by a factor of over 400 percent. Pulsations

occur alternately about the particles in the shock layer in a manner dissimilar from

the gross pulsations shown for a single particle launched along the axis. We have also

observed that, in the latter case, a far greater penetration occurs for the same initial

momentum. Here, we believe the flow reversal which occurs in the large pulsation

decreases the drag of the particle or creates drag in the reverse direction. Clearly,

increasing the number of particles in the shock layer increases the heating augmentation.

Launching a spray of 5-mil particles into the shock layer, as shown in

Figure 86, produces interactions which are similar to those observed in ballistic ranges

as well as the multiple particle interactions described earlier. The sequence of

photographs taken with laser photography in the AEDC Ballistic Range given in Figure

87 shows the shock/particle interaction resulting from water-droplet impact in the

stagnation region of a blunt body. The shock/shock interactions shown in these

photographs are very similar to these shown in Figure 86, taken in the Calspan studies.

While studies in the ballistic range can duplicate the particle/nose-tip impact, a very

limited amount of data can be taken in these studies. Large increases in nose-tip

heating occur as a result of such interaction, as shown in Figure 88. Here, we show
i 115
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Figure 87 SEQUENTIAL LASER PHOTOGRAPHS OF DEBRIS FROM WATER-DROP IMPACT

(AEDC BALLISTIC RANGE)
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heating augmentation relative to the heat transfer over a rough model with transition

. in the stagnation region. Clearly, large heating augmentation occurs in the presence

of both turbulent boundary layers and roughness.

4.3.6 Conclusions

Our measurements from the series of studies with particles launched from

a blunt body, with the highly instrumented hemispherical and SCANT models described

in Figure 74, and from earlier studies with ablated noseshapes in hypersonic high

Reynolds number flows, have demonstrated that a very small concentration of minute

particles within the airflow can induce significant effects on the structure of the shock

-layer and the boundary layer over blunt bodies. The relative influence of these particles

is a function of the flow regime (ReD, Me) and the momentum of the particle as it

is ejected from the shock layer. For high Reynolds number flows when transition has

moved to or ahead of the sonic line, the aerodynamic disturbances caused by small

particles in the shock layer can induce transition in the stagnation region. We observed

disturbances in the boundary layer, induced by a single particle, to persist within the

-" stagnation region for the order of I millisecond before being swept downstream and

decaying in the strong expansion process. Because the residence times are so large,

a very low density of particles can induce significant effects in hypersonic flows. For

flow at lower Reynolds numbers, where the laminar boundary layer in the stagnation

regime is relatively stable, the first mechanism responsible for enhanced heating is

toroidal-vortex/boundary layer interaction resulting from a small penetration of the bow

.N! shock by the ejected particle. The disturbance created by the ring vortex as it is

swet acorss the model surface causes heating enhancements of the order of 50%.

Again, the major mechanisms are associated with boundary layer tripping and vorticity

enhancement. When the particle has sufficient energy to penetrate beyond the bow

shock by between 0.5 and I body diameter, the quasi-steady particle-shock/bow-shock

interaction can generate heating rates of 300% to 500% of the undisturbed value. Here,

the basic heating mechanism is associated with shear-layer impingement (generated by

shock/shock interaction) on the surface of the model. For particle penetrations beyond

4.- one body diameter, the pulsating separated flow is driven by the alternating attachment

and re-attachment of a separated conical turbulent shear layer. Again, heating levels

of over three hundred times the undisturbed values can be generated by shear-layer

impingement.
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Shear-layer impingement, as opposed to vortex interaction, as assumed in

the systems models of convective heating augmentation, is the principal mechanism of

heating augmentation for multiple particle interactions in a dusty environment. Although

-' flow oscillations are observed about individual particles, we do not, in general, observe

the gross pulsations characteristic of single particle interactions. The enhanced heating

levels increase with the number of particles in the shear layer, up to the point that

shocks from adjacent particle coalesce; thereafter, an increase in the number of particles

does not increase convective heating augmentation. The complexity of these interactions

and the mechanisms responsible for enhanced heating are such that the gross heating

enhancement cannot be computed with any accuracy by existing theoretical models.
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' Section 5

EXPERIMENTAL STUDIES OF MECHANISMS OF

BOUNDARY LAYER TRANSITION IN HYPERSONIC FLOW

5.1 INTRODUCTION

5.1.1 Background

Boundary layer transition is one of the most important parameters in the

design of hypersonic vehicles such as ballistic and maneuverable re-entry vehicles and

the space shuttle. However, there remains a considerable gap between "engineering"

efforts to correlate the occurrence of transition and fundamental theoretical studies.

The eigineerig, or "systems," studies have concentrated on correlating experimental

measu'ements of transition obtained in flight tests, ballistic ranges, and wind tunnels

against almost every conceivable parameter, while the fundamental studies have been

42 aimed principally at exploring the modes of instability of the laminar boundary. The

basic problem is that boundary layer transition is controlled by the detailed aerodynamic

environment and can occur through different mechanisms on different models in the

same test environment or on the same model in different aerodynamic environments.
In his classic studies of boundary layer transition, Osborn Reynolds 19 not only

demonstrated the importance of the Reynolds number to the transition process, but

also showed that the particular experimental apparatus and the level of background

noise play important roles in determining at what Reynolds number transition takes place.

Both theoretical and experimental studies of transition in incompressible

flows have suggested that, in the absence of large freestream disturbances or disturbances

from within the boundary layer, the two-dimensional Tollmien-Schlichting 2 0 model is a

good representation of the initial breakdown of laminar flow. However, when velocity
Sfluctuations of over 10 percent are introduced into the freestream, "by-pass" modes

involving the generation of three-dimensional, streamwise, vortex-like instability may

As be the principal mechanisms involved in the transition process. The regular instabilities

which precede transition are of key importance in understanding the basic transition

mechanisms. While Tollmien-Schlichting waves have been identified in both theoretical

and experimental studies at low speed in "quiet" wind tunnel facilities, the literature

contains little reference to experimental observations of regular instabilities preceding
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" transition in supersonic or hypersonic flows. Mack 2 l , among others, has speculated that
a helical instability mode should be the dominant feature of the flow upstream of the

non-linear breakdown into turbulence of a laminar boundary layer in supersonic flow.

However, the lack of direct evidence to support this prediction has slowed theoretical

developments of this nature. An undestanding of how disturbances in the freestream

influence transition requires knowledge of the coupling mechanisms between the laminar

boundary and the outer, inviscid flow. While, in most instability problems, it is necessary
% .. only to calculate the conditions for the existence and growth of a disturbance, transition

prediction using linear stability theory rests almost completely on the ability to trace

-- .. the origin of the instability2 2 . Unless the stability waves can be assigned a specific

amplitude, there is no way to relate transition to a particular disturbance environment.

Second-order closure models, which also require detailed knowledge of the coupling

mechanisms, have been used to predict transition in the presence of surface roughness

and tunnel noise. However, it remains to be demonstrated that the required closure

approximation can be formulated to represent an adequate physical description of the

transition process, for these methods cannot describe the occurrence in the laminar

boundary layer of regular instabilities.

One avenue of progress in the prediction of boundary layer transition may
come through an understanding of how the instability modes and the disturbances which

caused them are related to the mechanics of the gross breakdown mechanisms which

precede the development of fully turbulent flow. It is against this background that

the observations of boundary layer transitions described in this section are presented.

In general, the author is highly skeptical of the generality of the results of studies of

boundary layer transition conducted in wind tunnels, ballistic ranges, or even in full-
scale flight tests. However, there are reasons for believing that while, in a particular

aerodynamic environment, the transition Reynolds number may be influenced by
freestrearn or wall conditions, such disturbances may not influence the basic mechanisms

involved in the transition process. However, a high degree of background disturbance

may trigger instability modes which would "by-pass" the relatively weak Tollmien-

Schlichting instability. In the following text, we first discuss the objective of these

- studies and the models and instrumentation employed. We next describe the experimental

facility used and offer evidence to suggest that it is intrinsically quieter than most

high-speed wind tunnels. Then, the flow-visualization techniques used in the experimental

program are described. Finally, we discuss the basic results from the studies and
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.. conclude with the description of the mechanics of the transition process observed in

hypersonic flow.

5.1.2 Objectives of Experimental Program

The object of this study was to examine, using microsecond spark schlieren

photography and ultra-high-speed cinematography, the structure and development of the

transition process in hypersonic flows over slender bodies. We wished to examine the

formation of the regular fluid-dynamic instabilities which precede transition and follow

their development as they are swept downstream. The mechanics of the gross breakup

of the laminar boundary layer was the next focus of interest. Finally, we attempted

to examine the formation and growth of the eddies developed between the middle and

the end of the transition process.

5.2 MODEL AND INSTRUMENTATION

These studies of the mechanisms involved in boundary layer transition were

i conducted in the Calspan 96-Inch Shock Tunnel. The measurements were made at Mach

11 and 13 for Reynolds numbers from I x 106 to 10 x 106 in the large contoured "D"

nozzle. A sharp 60 conical model, which contained high-frequency thin-film

instrumentation, was employed in these studies.

Flow-field visualization was accomplished with a single-pass schlieren

system with 18-inch mirrors and 15-ft focal light. A Cordin Model 375 High Speed

Camera and a single-shot system utilizing a microsecond spark were employed to capture

the photographic record. The Cordin Camera (shown in Figure 89), which uses a rotating

prism to place the images on a film wrapped around the inside of a circular enclosure,

was run at the equivalent of 100,000 frames per second. Reconstructing the photographic

sequence from this camera is not a simple matter, because successive images are placed

in a complex geometric sequence around the drum. We found that, while we were able

to successfully "stop" the movement of the transition instabilities in the boundary layer

* flows with a microsecond spark, the images obtained with the Cordin camera were

blurred. Image-enhancement techniques were employed on the photographs from the

Cordin camera, and the trained observer could readily interpret the timewise movement

of the instabilities along the cone. However, for ease of interpretation, we have chosen

to Illustrate our findings with the photographs taken with the microsecond spark source.
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5.3 SIGNIFICANCE OF TEST FACILITY USED IN THESE STUDIES

(TUNNEL NOISE VS. TRANSITION)

Experimental studies of transition are of little general value unless it can

.;: . be shown that the instability modes in the boundary layer remain unexcited by

disturbances in the freestream or respond to stronger disturbances generated, for

example, by surface roughness. As discussed earlier, the author remains openly skeptical

of the general usefulness of any transition data gathered in any wind tunnel. However,

comparisons between the measurements of transition Reynolds number made in these

and earlier studies at Calspan with free-flight measurements suggest that, because of

its mode of operation, physical size, and the extremely large expansion ratios involved
in generating Mach 13.0 flow, there is a very low level of noise in the freestream of

the %-Inch Shock Tunnel. Studies at AEDC 23 and NASA-Langley 24 have demonstrated

that, in conventional supersonic wind tunnels, the Reynolds number at which transition

occurs is strongly influenced by the fluctuating pressure level in the freestream. Pate

and Schueler 23 have demonstrated that the level of pressure fluctuation can be related

, !to the geometric features of the tunnel used and to the characteristics of the boundary

layer on the tunnel walls. A direct result of Pate and Schueler's studies is that a

decrease in tunnel size for the same freestream conditions should result in a decrease

i4 in the transition Reynolds number. When we compared our transition measurements

obtained in the 96-Inch Shock Tunnel, equipped with a 24-inch-diameter "A" nozzle,

with those obtained in the same tunnel equipped with the 48-inch-diameter "D" nozzle,

we anticipated a significant difference in the Reynolds number at which transition

took place. However, as demonstrated in Figure 90, where we have plotted 0.2

*versus the freestream unit Reynolds number, the Pate and Schueler scaling does not

appear to apply, even though a unit Reynolds variation is evident. It should be mentioned

that the Calspan studies were conducted at Mach numbers and Reynolds numbers well

above those used by Pate and Schueler in their studies. As a result, we believe that,

in our test environment, the magnitude of the noise radiated from the walls and its

intensity on the tunnel axis are significantly less than those found in the experiments

analyzed by Pate and Schueler. Transition Reynolds numbers of over 200 x 106 are

- predicted if the Pate and Schueler correlation is extrapolated to the tunnel configurations

, and freestream test conditions at which our studies were performed. Clearly, such

values are well in excess of meaningful physical quantities. Thus, it was not surprising

to find that the measurements made in the Calspan studies fall below the Pate and

Schueler correlation, as shown in Figure 91. These results suggest that, in our studies,

131

r -. 0



10

A NOZZLE

0NO% Z

Re 0

SYM M.

0 7.5

a &0

I0 1&

03 10.7

-END OF TRANSITION
AT MAXIMUM HEATING

' . 1 03 - . ..

* 1021I i iiIi

106 107 108

Ree

Figure 90 CORRELATION OF TRANSITION SHOWING EFFECTS OF TUNNEL SIZE

132

-i 
.



o - 0041(c) 0 E. SIA 0. 44& ]

4fl

c SYM

0 L

I ' 10.6

00 10.7

41
FLAGGED SYMBOLS

--------------------------------------- INDICATE BEGINNING

10

Figsm 91 CORRELATION OF FLAT-PLATE TRANSITION DATA IN TERMS OF
PARAMETERS SUGGESTED BY PATE AND SCHUELER

133



.-... pressure fluctuations resulting from acoustic radiation from the tunnel walls may not be

a dominant disturbance in the freestream. Thus, the position of transition on the model

examined in the present studies may be controlled by disturbances more complex than

- simple acoustic noise. It remains to be determined whether transition can be related

to the fluctuating pressure level in the freestream, which, in turn, might be related

to fluctuations in the reservoir conditions. However, because of the large expansion

ratios in the "A" and "D" nozzles, we must look to fluctuations in the enthalpy in the

- reservoir, as opposed to velocity fluctuations, as a potential source of freestream
%: disturbances.

One of the most successful formats that we have found for comparing
and correlating the transition measurements made in the 48-Inch and 96-Inch Shock

Tunnels at Calspan with measurements from ballistic ranges and flight tests has been

in terms of the Reynolds number based on local momentum thickness, and the local

Mach number MLOCAL. Correlations of the transition measurements made on sharp

cones and flat plates in the present and earlier studies at Caspan, flight measurements

reported by TRW, and measurements in the ballistic ranges at AEDC and NSWC are

shown in Figure 92. We see that there is relatively good agreement between the shock

tunnel measurements and those obtained in free flight. A further comparison between

our measurements and those made in the more recent studies of Reda 2 5 , plotted in

terms of the unit Reynolds number, are shown in Figure 93. We find relatively good
agreement between the two sets of measurements, and, in common with the studies of

Potter 26 . Sheetz 27 , and Reda, we observe a unit Reynolds number effect. The source

and significance of the unit Reynolds number effect have been the subject of extensive

, .. debate. The analyses of Morkovin 2 8 and Reshotko 29 have suggested that the unit

Reynolds number effects may be traced to a sensitivity to the non-dimensional frequency

. e(Ue2/ e) or to the wavelength of the disturbance (Ue/ Ve); however, in reality, the

disturbance-inducing transition may stem from superposition of a number of different

.1 mechanisms.
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5.4 RESULTS OF PHOTOGRAPHIC AND HEAT TRANSFER OBSERVATIONS

OF BOUNDARY LAYER TRANSITION IN HYPERSONIC FLOW

5.4.1 Observation on General Characteristics of Transition Regions

The measurements discussed in this section were obtained principally at

Mach 13 at unit Reynolds numbers of I x 106 to 5 x 106. Simultaneous heat transfer

and photographic records were obtained at each condition. A typical distribution of

heating through a transition region is shown in Figure 94. We have found that the

length of the transition region on a cone or a flat plate is very close to the length of

the laminar flow which precedes it. The heat transfer records for the laminar flow

ahead of the rise in average heating which marks the beginning of transition exhibit

trains of spikes which, we show later, are "wave-like" instabilities which travel along

the cone in "trains" at approximately the speed of the inviscid flow (6000 ft/sec).

Then, as regular large-scale instabilities are formed and break up into large vortices,

the average heating rises. A composite of the schlieren-photograph and heat transfer

records obtained early in the studies, shown in Figure 95, presents a "good picture" of

* the general structure of the transition region. The "spikes" in the laminar heat transfer

trace, which mark the beginning of the transition process, can be described as turbulent

bursts, which are fairly well structured, and which travel at very close to the velocity

of the inviscid flow. As these bursts are convected downstream, they begin to break

up into large-scale instabilities. The convection of these large-scale eddies past a thin-

film gage gives rise to the intermittent characteristics shown in Figure 95. In fact,

the intermittency relationship

where =. =

XEND a"G

.. describes fairly well the distribution of average heating through the transition region

as well as capturing the gross mechanics of the transition process. We believe that

the intermittency increases along the interaction region because the primary eddies

, K begin to break up and also induce the formation of secondary eddies. As the spectrum

of turbulent scale sizes fills out, the heating to the surface approaches the turbulent
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4. heating rate. As indicated in this general discussion, we observed three consecutive

4regions reflecting three basic mechanisms which occur as the laminar boundary layer

becomes unstable and transition to turbulence takes place: (1) Wave-Like Instability

4- Region; (2) Gross-Instability Region; and, finally, (3) Gross-Mixing Region. These are

discussed individually in the following subsections.

5.4.2 Wave-Like Instability Region

Photographic examples of "wave-like" instabilities which preceded the

4large-scale breakdown into turbulence are shown in Figures 96a, 96b, 96c, and 96d. In

many cases, wave trains would be a more accurate description for, as shown in Figure

95, there were many instances where these instabilities did not undergo a significant

change in structure as they were convected along the cone. The high-speed photographs

obtained with the Cordin camera indicate that, in fact, these instabilities "twisted" as

they were convected downstream, suggesting a helical structure. Following the region

of "wave-like" instability, the laminar boundary layer began to develop large-scale

* instabilities at an edge (see Figures %c and %d); then, transition began.

5.4.3 Gross-Instability Region

Photographic examples of the development of the transition region following

the "wave-like" instabilities discussed in the previous paragraph are shown in Figures

97a, 97b, 97c, and 97d. In Figures 97a and 97b, we show examples of the precursor

instabilities, which began at the outer edge of the boundary layer. In Figures 97c and

97d, we see the gross instabilities developing as they were swept downstream, culminating

in some very-large-scale turbulent bursts. These disturbances traveled down the cone

at convective velocities between 0.5 and 0.8 of the freestream velocity. The gross size

of the eddies generated in this region is of the same order as the boundary layer thickness.

5.4.4 Gross-Mixing Region

In Figures 98a and 98b, we show examples of the gross mixing in the

transition region which precedes the development of the turbulent boundary layer.
These photographs show the "wave-like" instability, followed by the gross instability,

followed by a region in which there is large-scale turbulent mixing. In the latter region,

it appears that the scale of the turbulence exceeds that in the following, fully turbulent
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boundary layer; it is in this region that the heat transfer overshoot occurs. In earlier

studies of shock-wave/turbulent boundary layer interaction, we observed that, although

the heating levels at the "end" of the transition process approach the turbulent levels,

it takes many boundary layer thicknesses (50 to 100) before the scale sizes of the

- turbulence generated in the transition process are no longer of importance.

5.4.5 Conclusions

Correlations of ballistic-range measurements and measurements made in

-Calspan's %-!nch Shock Tunnel at Mach 13 suggest that, because of its relatively low

noise characteristics, observations in the Tunnel on the mechanics of hypersonic boundary

layer transition can be generally useful. We have identified three basic mechanism in

the transition of a hypersonic turbulent boundary layer-a wave-like instability region,

a gross-instability region, and a gross-mixing region. The wave-like instability region

appears to be helical in nature, and, in fact, these studies suggest that the transition

region is a region of gross three-dimensional mixing. In our photographic studies, we

required exposure times of the order of I microsecond to resolve the turbulent motion

in the transition region. Thus, while the thin-film instrumentation and the single-

microsecond-shot schlieren system provided excellent diagnostics, a framing camera

with an exposure time of approximately I microsecond would be required in any future

studies of boundary layer transition in hypersonic flow.

*
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